Lewis acid-mediated substrate-controlled reactions of the titanium(IV) enolates of chiral a-benzyloxy ketones with conjugated nitroalkenes give the 2,4-anti-4,5-syn Michael adducts in good yields and diastereomeric ratios. The supplementary Lewis acid plays a key role in the outcome of these transformations, probably as a consequence of the formation of bimetallic enolates that increase the reactivity of the enolate and direct the approach of the nitroalkene. Importantly, the most appropriate Lewis acid depends on the electrophilic partner: TiCl4 is the most suitable Lewis acid for b-aryl nitroalkenes while the best results for b-alkyl nitroalkenes are obtained with SnCl4. Finally, the nitro group of the resultant compounds can be converted into the corresponding amino, oxime, and nitrile groups under mild conditions, which permits the synthesis of a variety of enantiomerically pure derivatives with excellent yields.
Introduction
The venerable Michael reaction, which refers to additions of stable carbon nucleophiles to conjugated olefins bearing an electron-withdrawing group, is beyond doubt one of the most powerful carbon-carbon bond forming reactions.
[1] Indeed, the wide range of structural motifs it gives access to and the possibility of installing up to three new stereocenters sustain a great and lingering interest in the Michael reaction within synthetic chemistry. Thus, tremendous effort has been dedicated to developing asymmetric procedures that permit control of the configuration of as many stereocenters as possible, [2, 3] and a variety of recently reported enantioselective and catalytic Michael additions have already been employed in the synthesis of a plethora of natural products. [4, 5] Unfortunately, and despite such achievements, most of these methods hinge on the use of metal enolates from 1,3-dicarbonyl compounds, [6] and other activated substrates, [7] as the nucleophilic partner, which restricts their scope. [8] Meanwhile, more classic stoichiometric and chiral auxiliary-based approaches take advantage of the high reactivity of lithium and titanium (IV) enolates to tackle more challenging additions. [9] Surprisingly, parallel substrate-controlled Michael reactions from chiral ketones that might achieve similar levels of stereocontrol are almost unknown, and only a few examples have been reported to date. [10, 11] Therefore, considering that titanium(IV) enolates from chiral abenzyloxy ketones take part in highly stereocontrolled aldol reactions, [12] we envisaged that they might also participate in diastereoselective Michael reactions. We were pleased to discover that enones are excellent acceptors and afforded the corresponding 1,5-dicarbonyl compounds in high yields and diastereomeric ratios (see eq 1 in Scheme 1). [13] Then, bearing in mind that a,b-unsaturated nitro derivatives are more active Michael acceptors than enones, and also the various transformations available for the nitro group, [14] we hypothesized that substrate-controlled Michael additions of the aforementioned chiral ketones to conjugated nitroalkenes might afford the corresponding adducts, which could in turn be easily converted into a range of enantiomerically pure intermediates. Herein, we report that the Lewis acid-mediated addition of titanium(IV) enolates from chiral a-benzyloxy ketones to a wide range of nitroalkenes affords 2,4-anti-4,5-syn adducts with good yields and diastereoselectivities (see eq 2 in Scheme 1). Scheme 1. Substrate-controlled Michael additions from a-benzyloxy ketones.
Results and Discussion
Taking advantage of our experience with substrate-controlled Michael additions to enones, [13] we initially assessed the Lewis acid-mediated reaction of lactate-derived ketone 1 [15] to bnitrostyrene (a). Surprisingly, and in spite of the strong character of b-nitrostyrene (a) as a Michael acceptor, the simple reaction with the titanium(IV) enolate from 1 did not produce any Michael adduct, and the starting materials were recovered unchanged (entry 1 in Table 1 ). In contrast, full conversion was achieved by adding a second equivalent of TiCl4 to the enolate and quenching the reaction mixture with saturated NH4Cl; however, unexpectedly, the diastereomerically pure adduct 2a was isolated with only a moderate yield after chromatographic purification (entry 2 in Table 1 ). The use of a stronger Brønsted acid to quench the reaction failed to increase the yield (entry 3 in Table 1 ). Careful analysis of the literature revealed that Seebach had faced a similar problem. Indeed, he found that the addition of titanium(IV) enolates from chiral imides to conjugate nitroalkenes gave stable nitronates that were not satisfactorily released using standard acid treatments. [16] Instead, it was necessary to quench the reaction with NH4F. By subjecting our reaction to such conditions we obtained an 87:13 diastereomeric mixture, from which adduct 2a was isolated with an 80% yield (entries 4 and 5 in Table 1 ). Finally, other Lewis acids such as AlEt2Cl and SnCl4 were also tested, but both the diastereoselectivity and the yield were poorer than those obtained with TiCl4 (compare entries 5-7 in Table 1 ). Having established the key role of a second equivalent of TiCl4 and the importance of quenching the reaction mixture with NH4F, we then assessed reactions with a variety of b-aryl nitroalkenes (see Table 2 ). [17] With the exception of the 4-nitrophenyl derivative f, all the substrates examined reacted smoothly to afford mixtures from which 2,4-anti-4,5-syn 2 diastereomers were isolated in high yields (entries 1-6 in Table 2 ). Remarkably, even the addition of 1 to a Lewis acid-sensitive acceptor such as furyl nitroalkene g proceeded, and led to a good yield (entry 7 in Table 2 ). Interestingly, the diastereoselectivity of the reaction was observed to be dependent in some way on the electronic character of the aromatic ring: it was slightly higher for those substrates containing electron-donating groups on the aromatic ring, such as c (entry 3 in Table 2 ).
With the aim of expanding the scope of the process, we next examined parallel conjugate additions to b-alkyl nitroalkenes. To our surprise, the reaction of 1 with (E)-1-nitro-4-phenyl-1-butene (h) gave the expected product 2h but only with moderate stereocontrol and yield (dr 60:40, 60% overall yield, see entry 1 in Table 3 ). Then, considering the crucial impact of the second equivalent of Lewis acid on the outcome of these additions, we evaluated the influence of this component on the addition to balkyl nitroalkenes. After careful analysis, we observed that other titanium(IV) as well as zirconium(IV) or aluminum Lewis acids produced similar or even worse results; but SnCl4 provided much better diastereoselectivity with a comparable yield (compare entries 1-6 in Table 3 ). Indeed, treatment of the titanium(IV) enolate from 1 with one equivalent of SnCl4 before the addition of the nitroalkene h yielded a mixture of three diastereomers (dr 84:10:6) from which adduct 2h was isolated with a 46% yield (entry 6 in Table 3 ). An increase of the temperature to -40 °C improved the yield, but a higher temperature had a negative impact on the yield (compare entries 6-8 in Table 3 ). Finally, a longer reaction time also improved the yield (compare entries 6-9 in Table 3 ), so diastereomerically pure 2h was finally isolated with a 54% yield after 3 h at -78 °C (entry 9 in Table 3 ). These optimized experimental conditions were further applied to other b-alkyl nitroalkenes (i-m) [18] to afford 2,4-anti-4,5-syn adducts 2i-m with high stereocontrol. Interestingly, the addition proved to be very sensitive to the steric bulk and the presence of potential chelating functional groups on R. Indeed, the addition of the titanium enolate from 1 to (E)-3-methyl-1-nitro-1-butene (k) in which an isopropyl group is attached to the electrophilic center gave the 2,4-anti-4,5-syn adduct 2k with a low diastereoselectivity and yield (entry 12 in Table 3 ). In turn, the reaction with benzyl-protected 4-hydroxy-1-nitro-1-butene (l) gave 2l with an excellent diastereoselectivity but in a low yield (entry 13 in Table 3 ); whereas the use of a Table 3 . Lewis acid-mediated Michael additions of titanium(IV) enolates from 1 to b-alkyl nitroalkenes.
Entry
Lewis acid ß-Alkyl nitroalkene
[c] Table 3 ). The configurations of major and minor diastereomer, 2 and 3 respectively, were established through X-ray analyses of crystalline adducts 2g and 3a shown in Figure 1 . [19] Figure 1. ORTEP X-ray structures of compounds 2g and 3a [ellipsoid contour probability: 50%]
The broad scope of the abovementioned Lewis acid-mediated Michael additions of 1 to conjugated nitroalkenes encouraged us to explore similar substrate-controlled reactions with other chiral a-hydroxy ketones. Thus, we were pleased to observe that the titanium(IV) enolates from a-benzyloxy ketones 4 and 5 [20] smoothly added to b-nitrostyrene (a) to afford basically a single diastereomer 6a-7a in yields of up to 72% (Scheme 2).
Scheme 2. Substrate-controlled Michael additions from a-benzyloxy ketones.
All together, these results prove that chiral a-benzyloxy ketones are excellent platforms from which to carry out highly stereoselective Lewis acid-mediated Michael reactions with a wide range of nitroalkenes. As for enones, the supplementary Lewis acid plays a crucial role in these additions. Indeed, TiCl4 and SnCl4 turned out to be the most suitable Lewis acids, depending on the acceptor, b-aryl or b-alkyl nitroalkenes respectively. This indicates that the second Lewis acid must interact with the enolate, producing the real nucleophilic species (see Scheme 3), which must also be responsible for the activation of the nitroalkene. Irrespective of the precise structure of such an intermediate and according to the structure both of the major and minor diastereomers shown in Figure 1 , the electrophile would attack the Re face of the enolate, thus controlling the configuration of the a-stereocenter. In turn, that of the b-stereocenter relies on the approach of the electrophile to the Re face of the enolate. Enones produce the relative configuration anti; nitroalkenes the syn configuration (see Scheme 1). The reasons for such a discrepancy may be conformational differences operating on the activation of the double bond. Indeed, the equilibrium for enones is shifted towards the cisoid conformation which avoids A(1,3) interactions, whereas the lack of an R 2 group in nitroalkenes makes the transoid conformation more accessible. [21] Actually, both conformers of nitroalkenes may be considered as tautomers in which the metal atom is bound to different oxygen atoms of the nitro group. Moreover, the key role played by the additional Lewis acid suggests that the reaction might proceed through a cyclic transition state involving a bimetallic enolate; [22] then, the essentially flat nitroalkene does not contain an R 2 group that would prevent it from evolving through an eclipsed approach (I in Scheme 4), which looks like an eight-membered cycle. [23] Our working hypothesis precisely predicted such an approach as being responsible for the 4,5-syn diastereomer, whereas the 4,5-anti counterpart may arise from a staggered approach (II in Scheme 4). So, slight differences in the electronic character of nitroalkenes (aryl or alkyl) and the steric bulk of R Finally, we explored the conversion of the nitro group into other functional groups, to confirm their synthetic potential. Thus, the reduction of the nitro group of adduct 2a catalyzed by NiCl2 led to enantiomerically pure cyclic imine 8 in 90% yield (Scheme 5). [24,6c] Moreover, 2a was easily converted into oxime 9 using a tin-based reducing agent (Scheme 5). [25] Finally, a reductive dehydration of 2a catalyzed by Sn(SPh)4 allowed us to isolate bcyano ketone 10 with an excellent yield (Scheme 5). [26] All these reactions were carried out under mild conditions and the resulting densely functionalized compounds 8-10 were easily isolated in high yields and without any loss of the steric integrity of the starting material. 
Conclusions
In summary, Lewis acid-mediated substrate-controlled Michael additions of a-benzyloxy ketones to a wide range of b-aryl-as well as b-alkyl-conjugated nitroalkenes afford the corresponding 2,4-anti-4,5-syn diastereomers with good yields and high stereocontrol. It is probable that a bimetallic enolate arising from the interaction of the titanium(IV)
Experimental Section
General: Unless otherwise noted, reactions were conducted in ovendried glassware under inert atmosphere of N2 with anhydrous solvents. The solvents and reagents were dried and purified when necessary according to standard procedures. Commercially available reagents were used as received. Analytical thin-layer chromatography (TLC) was carried out on Merck silica gel 60 
General Experimental Procedure for the TiCl4-Mediated Michael
Additions from Ketone 1: Neat TiCl4 (235 µL, 2.1 mmol) was carefully added to a solution of 1 (192 mg, 1.0 mmol) in CH2Cl2 (4 mL) at -78 °C under N2. The resultant yellow suspension was stirred for 5 min and iPr2NEt (195 µL, 1.1 mmol) was added dropwise. The ensuing dark red solution was stirred for 30 min at -78 °C. Then, the corresponding nitroalkene (1.2 mmol) was added and the reaction mixture was stirred at -78 °C for 1 h. The reaction was quenched at -78 ºC with 25% NH4F (6 mL) and stirred for 30 min at room temperature. The mixture was partitioned with CH2Cl2 (20 mL) and H2O (20 mL), and the aqueous layer was extracted with CH2Cl2 (3 ´ 10 mL). The combined organic layers were dried (MgSO4) and concentrated. The residue was analyzed by 1 H NMR and purified by flash column chromatography to afford the corresponding Michael adduct 2. 
(2S,4S,5R)-2-Benzyloxy-5-(4-methoxyphenyl)-4-methyl-6-nitro-3-hexanone (2c):

General Experimental Procedure for the SnCl4-Mediated Michael
Additions from Ketone 1: Neat TiCl4 (61 µL, 0.55 mmol) was carefully added to a solution of 1 (96 mg, 0.5 mmol) in CH2Cl2 (2 mL) at -78 °C. The resultant yellow suspension was stirred for 5 min and i-Pr2NEt (96 µL, 0.55 mmol) was added dropwise. The ensuing dark red solution was stirred for 30 min at -78 °C. Then, 1 M SnCl4 in CH2Cl2 (0.55 mL µL, 0.55 mmol) was added, followed 5 min later by the corresponding nitroalkene (0.6 mmol) and the resultant mixture was stirred at -78 °C for 3 h. The reaction was quenched at -78 ºC with 25% NH4F (3 mL) and stirred for 30 min at room temperature with vigorous stirring The mixture was partitioned with CH2Cl2 (10 mL) and H2O (10 mL), the aqueous layer was extracted with CH2Cl2 (3 ´ 10 mL). The combined organic layers were dried (MgSO4) and concentrated. (2S,4S,5R)-2-Benzyloxy-4-methyl-6-nitro-1,5-diphenyl-3-hexanone (6a): Neat TiCl4 (61 µL, 0.55 mmol) was carefully added to a solution of chiral ketone 4 (134 mg, 0.5 mmol) in CH2Cl2 (2 mL) at -78 °C under N2 and the resultant yellow suspension was stirred for 5 min. i-Pr2NEt (96 µL, 0.55 mmol) was added dropwise and the ensuing dark solution was stirred for 30 min at -78 °C. Then, TiCl4 (61 µL, 0.55 mmol) was added dropwise, followed 10 min later by the addition of (E)-β-nitrostyrene (a) (89 mg, 0.6 mmol). The resultant mixture was stirred at -78 ºC for 1 h. The reaction was quenched at -78 ºC with a 25% NH4F (2 mL) and stirred for 30 min at room temperature with vigorous stirring. The mixture was diluted with CH2Cl2 (10 mL) and H2O (10 mL). The aqueous layer was extracted with CH2Cl2 (3 ´ 20 mL) and the organic extracts were dried over MgSO4, filtered, and concentrated. The resulting crude product was purified by column chromatography (hexanes/EtOAc 90:10) to afford 151 mg (0.36 mmol, 72% yield) of (2S,4S,5R)-2-benzyloxy-4-methyl-6-nitro-1,5-diphenyl-3-hexanone (6a) as a purple oil. (2R,3S,5S)-5-Benzyloxy-3,6-dimethyl-1-nitro-2-phenyl-4-heptanone (7a): Neat TiCl4 (97 µL, 0.88 mmol) was carefully added to a solution of chiral ketone 5 (176 mg, 0.8 mmol) in CH2Cl2 (3.2 mL) at -78 °C under N2 and the resultant yellow suspension was stirred for 5 min. i-Pr2NEt (153 µL, 0.88 mmol) was added dropwise and the ensuing dark solution was stirred for 30 min at -78 °C. Then, TiCl4 (97 µL, 0.88 mmol) was added dropwise, followed 10 min later by the addition of (E)-β-nitrostyrene (a) (143 mg, 0.96 mmol). The resultant mixture was stirred at -78 ºC for 1 h. The reaction was quenched at -78 ºC with a 25% NH4F (4 mL) and stirred for 30 min at room temperature with vigorous stirring. The mixture was diluted with CH2Cl2 (20 mL) and H2O (20 mL). The aqueous layer was extracted with CH2Cl2 (3 ´ 20 mL) and the organic extracts were dried over MgSO4, filtered, and concentrated. The resulting crude product was purified by column chromatography (from hexanes/EtOAc 95:5 to 90:10) to afford 173 mg (0.47 mmol, 59% yield) of (2R,3S,5S)-5-benzyloxy-3,6-dimethyl-1-nitro-2-phenyl-4-heptanone (7a) as a brownish oil. Rf Solid NaBH4 (6 mg, 0.15 mmol) was added in one portion to a mixture of NiCl2·6H2O (12 mg, 50 µmol) in MeOH (2 mL) at room temperature, which produced the formation of black clumps and heavy frothing. The mixture was sonicated for 30 min and the resultant black dispersion was cooled to 0 ºC. The subsequent addition of a solution of Michael adduct 2a (34 mg, 0.1 mmol) in MeOH (2 mL) followed by solid NaBH4 (19 mg, 0.5 mmol) in one portion caused more frothing. The reaction mixture was stirred at 0 °C for 30 min. Then, this was quenched by the addition of a saturated solution of NH4Cl (5 mL) with vigorous stirring. It was partitioned in CH2Cl2 and H2O. The aqueous layer was extracted with CH2Cl2 (3 ´ 10 mL) and the combined organic extracts were dried (MgSO4), filtered, and concentrated. Eventually, the residue was purified by flash column chromatography (CH2Cl2/MeOH 96:4) to afford 26 mg (90 µmol, 90% yield) of (3R,4S) 
